Coordination between DNA replication and DNA repair ensures maintenance of genome integrity, which is lost in cancer cells. Emerging evidence has linked homologous recombination (HR) proteins RAD51, BRCA1 and BRCA2 to the stability of nascent DNA. This function appears to be distinct from double-strand break (DSB) repair and is in part due to the prevention of MRE11-mediated degradation of nascent DNA at stalled forks. The role of RAD51 in fork protection resembles the activity described for its prokaryotic orthologue RecA, which prevents nuclease-mediated degradation of DNA and promotes replication fork restart in cells challenged by DNA-damaging agents. Here, we examine the mechanistic aspects of HR-mediated fork protection, addressing the crosstalk between HR and replication proteins.
BRCA1, BRCA2, RAD51 and the RAD51 paralogs family, which consists of five proteins (RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3) in mammalian cells, are required to repair DNA damage by homologous recombination (HR). Mutations in most of these genes predispose to cancer, indicating an important role of DNA damage repair in preventing cell transformation. Intriguingly, complete loss of function of most of HR proteins is incompatible with life in vertebrate organisms [1, 2, 3] . These features together with their ability to form foci in unperturbed and challenged S-phase nuclei indicate a role for HR proteins in chromosomal DNA replication even in unchallenged conditions [4, 5] .
The mechanisms underlying the function of DNA repair proteins in unchallenged chromosomal DNA replication are poorly understood. This is in part due to the fact that many of the genes involved in DNA metabolism are essential for cell viability, which complicate their study, especially in higher eukaryotes [1, 2, 3] . The reasons why HR genes are essential for cell viability in higher eukaryotes are unclear. One explanation might be that they have a specific and direct role in the replication of complex eukaryotic genomes. Alternatively, complex genomes might be more vulnerable to spontaneous DNA damage, which might irreversibly halt replication progression inducing chromosomes breakage. HR factors might be therefore required to repair the damage and to complete whole genome duplication. Here we review the links between HR proteins and the DNA replication machinery, some of which appear to be conserved between prokaryotes and eukaryotes.
HR proteins ensure the integrity of chromosomal DNA during its replication
Known functions of BRCA1, BRCA2, RAD51 and the MRN complex in DNA double-strand breaks repair Cells constantly face endogenous and exogenous insults to DNA, which can induce several types of damages, including DNA backbone lesions such as nicks in the DNA template, DNA adducts, singlestrand gaps and double-strand breaks (DSBs). DSBs are the most deleterious type of DNA damage; inability to repair DSBs leads to chromosomal aberrations or even cell death. Moreover, unrepaired nicks or gaps present in the template might lead to DSBs formation the moment they encounter replication forks. During S and G2 phases of cell cycle, DSBs can be repaired by a HR-based error-free mechanism that exploits the presence of a homologous DNA sequence on the duplicated sister chromatid to carry out homology search and strand invasion to complete the repair [6] .
The central protein required for the initial strand invasion step is RAD51, whose stable recruitment to DSBs is dependent on several proteins such as BRCA1, BRCA2 and the RAD51 paralogs [6] . The first step in HR after DSBs formation is the nucleolytic resection of DSB ends to provide single-strand tails with 3 0 -OH protruding ends. The DNA end resection mechanism that promotes DNA repair by HR is conserved between prokaryotes and eukaryotes. In prokaryotes, a heterotrimeric complex made by RecB, RecC and RecD binds to DNA, digests it and initiates the end resection to generate 3 0 ssDNA overhang once it recognises the Chi site [7] . RecB and D possess ATP-dependent DNA helicase activity and RecB has 5 0 -3 0 exonuclease activity [7] . Similar to prokaryotes, in higher eukaryotes, the resection is mediated by DNA helicases and nucleases. DSBs ends occurring in S-phase following template breakage are resected by the Mre11-Rad50-NBS1 (MRN) complex in the presence of the tumour suppressor protein CtIP [8] . Phosphorylation of CtIP by CDK2, which is active in S-phase, might act as an important decision point due to the fact that the generation of the 3 0 overhang favours the HR over the nonhomologous end joining (NHEJ) type of repair [9] . This could prevent the onset of NHEJ in S-phase, which although useful in noncycling cells is potentially mutagenic due to the possible loss of DNA sequences and chromosomal translocations during the joining of the DSB ends [6] .
The MRN complex exhibits both endonuclease and 3 0 -5 0 exonuclease activities in vitro which have been proposed to be part of a two-step mechanism acting on the opposite DNA strand respect to the 3 0 overhang. This mechanism initiates DSBs resection by liberating a small oligo with its endonuclease activity [9, 10] . This is a well-studied phenomenon in meiosis, in which a DSB is initiated at the Spo11-binding site, liberating an oligo with a free 3 0 -end and a 5 0 -end covalently bound to Spo11 [11] . A similar MRNdependent cut liberating small oligos can be observed in Xenopus egg extracts following induction of chromosome breaks [12] . MRN-dependent endonucleolytic cut leading to generation of small oligos has recently been characterised in vitro on artificial linear templates in the presence of streptavidin bound to biotinylated ends, which might mimic the presence of proteins blocking the access to the ends [13] . Among the proteins that could block DSB ends there are Ku70 and Ku80 proteins, the major players of NHEJ [10, 14] . Their elimination from DNA ends generated at collapsed forks might contribute to prevent NHEJ, thus ensuring the onset of HR in S-phase. This could be a major task for the MRN complex during challenged DNA replication, which could avoid the formation of aberrant repair intermediates mediated by NHEJ.
Due to the poor processivity of the exonuclease activity and the opposite polarity observed in vitro, it is unlikely that after liberation of the 5 0 oligo, the MRN complex continues to degrade DNA in the 5 0 -3 0 direction to expose the 3 0 overhang needed for HR [13] . Instead, extensive resection is mediated by other nucleases such as Exo1 or DNA2 leading to the formation of a long 3 0 ssDNA overhang [15] . The second step of HR involves rapid binding of the hetero-trimeric single-strand binding protein complex named replication protein A (RPA) to the 3 0 ssDNA [6] . In order to start homology-directed repair, RPA has to be displaced to favour RAD51 binding on the 3 0 ssDNA overhang tail to form a RAD51 nucleoprotein filament. The essential recombination protein BRCA2 displaces RPA by recruiting RAD51 to ssDNA. This process involves the interaction between RAD51 and BRCA2 that is mediated by two regions of BRCA2 protein: the BRC1-8 repeats domain and the C-terminal RAD51-binding domain [6] . In humans, RAD51 recruitment to the site of DSBs is also contributed by RAD51 paralogs [16] . It is not yet clear how BRCA2 and RAD51 paralogs collaborate to recruit RAD51 at DSBs sites. Once RAD51 has been stably loaded onto the 3 0 overhang, the invasion of the homologous template establishes a D-loop structure and DNA synthesis begins from the 3 0 end of the invaded strand. This structure can be directed towards three pathways, namely double-strand break repair (DSBR), synthesis-dependent strand annealing (SDSA) and break-induced DNA replication (BIR), which involve different degrees of DNA synthesis. Reconstitution of recombination-associated DNA synthesis revealed that DNA synthesis depends mostly on PCNA, RPA and Pol d [17, 18] . Pol g also functions in DNA synthesis during HR but less efficiently compared to Pol d [17] . These observations highlight extensive links between HR proteins and DNA polymerases.
Links between HR proteins and DNA replication
Remarkably, HR proteins are indispensable to maintain normal karyotype of a cell and to sustain cell survival in higher eukaryotes even in unperturbed conditions, suggesting their role in normal S-phase. RAD51 knockout in vertebrate B-lymphocyte cell lines undergo apoptosis accompanied by the presence of severe chromosome breaks and gaps [19] . These results were obtained from cells cultured without any exogenous source of damage, indicating that RAD51 is required to maintain stable chromosomes during unperturbed conditions. BRCA1 or BRCA2 knockout embryonic cells are incompatible with survival and these cells accumulate different kinds of chromosome breaks prior to cell death [20] . Instead, RAD51 deletion in yeast does not compromise cell viability [21] .
An important clue about the DNA replication role of HR proteins came from the observations that RAD51, BRCA2 and RPA form nuclear foci some of which colocalise with PCNA during S-phase [22] [23] [24] [25] [26] [27] [28] . Colocalisation of HR factors with replication proteins during S-phase might reflect an important role of HR in supporting the replication machinery and in protecting forks from collapse in case of stalling.
Homologous recombination proteins' role in DNA replication was confirmed by observations showing their requirement to stabilise and/or restart stalled forks in mouse embryonic fibroblasts deficient for BRCA2 [29] . In the absence of BRCA2, induction of fork stalling by hydroxyurea (HU) treatment led to the accumulation of DSBs, revealing a function for BRCA2 in protecting replication forks from collapse [29] . The same group obtained interesting results working with RAD51. To overcome the issue of cell death in RAD51 knockdown cells [19] , they set up a degron system to monitor the effect of RAD51 knockout in different phases of the cell cycle [30] . They showed that RAD51 depletion did not affect bulk DNA synthesis in S-phase, but RAD51 knockout cells arrested in G2 with increased RPA foci [30] suggesting that RAD51 deficiency resulted in ssDNA accumulation and eventually chromosome breaks in unchallenged cells. Finally, in vitro studies have recently showed that BRCA2 protein is able to load RAD51 onto ssDNA gaps in addition to DSBs, suggesting a more direct role for BRCA2 and RAD51 in repairing lesions that occur during replication [31] [32] [33] . Overall these studies indicated the existence of strong ties between HR and chromosomal DNA replication.
RAD51-RecA function at replication forks: parallels between prokaryotes and eukaryotes
In eukaryotic cells, DNA replication starts from multiple origins and in case fork progression is halted, the fork coming from the opposite side can rescue the stalled one. In bacteria, this does not happen as the single chromosome contained in prokaryotic cells is replicated from a single replication origin and in case of fork progression arrest DNA replication can resume only if the fork is restarted. Multiple mechanisms contribute to fork restart and most of them involve players related to the HR machinery. These pathways restore the formation of an active replisome on the collapsed fork and contribute to repair the damage that halted replication fork progression. Many of these processes might be conserved in eukaryotic cells [34] .
Recombination-mediated fork restart has been extensively studied in Escherichia coli. In bacteria, PriA is the major protein involved in the restart of DNA synthesis at collapsed forks following the loss of the replisome [35] . However, following DNA damage, DNA replication can also be started by the recombination protein RecA, the prokaryotic orthologue of RAD51 [34] . RecA is loaded onto ssDNA by the RecFOR pathway and onto DSBs following the action of the RecBCD complex. RecFOR loads RecA at ssDNA \dsDNA junctions promoting formation of RecA-DNA nucleoprotein filaments, which protect the 3 0 end from extensive nuclease-mediated degradation [36] [37] [38] . Extensive DNA degradation can be observed following UV damage in several mutants of these pathways [39] .
Fork protection is only one of the functions operated by RecA. The formation of RecA-DNA complexes has been proposed to promote the recruitment of nonreplicative polymerases. Consistent with this, RecA interacts with PolV, which might be directly repositioned at stalled forks to promote damage bypass and halted fork restart [40] .
The coordination of these events on damaged templates remains unclear. In vitro studies have shown that the bacterial replisome can resume DNA replication downstream from a single lesion on the leading strand [41] . Reinitiation of DNA replication downstream the lesion leads to the formation of ssDNA gaps behind the moving forks. This discontinuous mode of replication fork progression would lead to the formation of gapped duplicated DNA. These gaps could be filled by nonreplicative polymerases after DNA replication has been completed. Alternatively, the 3 0 end in the same gap could engage with the newly replicated sister chromatid [42] and continue DNA replication on the undamaged template. In this context, the presence of HR proteins might promote repair synthesis at the 3 0 end of nascent DNA present behind forks and protect this end from nucleasemediated degradation, which in bacteria is mediated by the RecQJ [36] [37] [38] .
Similar to bacteria, HR proteins might have several major functions at stalled forks in eukaryotic cells, including the removal of the damage, the protection of the fork from nucleases, and the reloading of the DNA polymerase.
Lessons from DNA replication intermediates: structural insights Studying DNA replication under normal and stressful conditions with the Xenopus laevis egg extract system
The Xenopus laevis egg cell-free extract system has been useful to overcome the lethality associated to complete deletion of essential HR proteins in vertebrate organisms [43] . Due to high level of maternal proteins, the egg extract system is capable of recapitulating several aspects of cell biology such as cell cycle progression, regulation of DNA replication and repair, chromatin assembly, mitotic spindle dynamics and cohesion of sister chromatids [44] . Similar to other vertebrate eggs, Xenopus eggs are arrested in meiotic metaphase. Fertilised eggs and egg extracts supplemented with sperm nuclei are able to trigger DNA replication and undergo 12 rounds of cell cycle with no significant transcription [45] . Hence, this system became a valuable tool to study protein complexes and to biochemically dissect protein-DNA transactions in a temporally controlled manner. After the addition of sperm nuclei to interphase egg extract, DNA replication can be monitored over time and the efficiency of DNA replication can be assessed by evaluating the incorporation of radio-labelled nucleotides [46] . Chromatin binding of the different players of DNA replication and repair can be easily monitored in all conditions over time, allowing the complete control of the reactions under study. Different types of extracts and DNA templates can be used to study different biological questions. The recent adoption of large DNA templates such as bacmids, which can form nuclei and replicate with high efficiency in egg cytoplasm, allowed the study of DNA metabolism proteins involved in the replication of defined chromosome regions such as centromeres [47] .
A unique tool to study protein function in Xenopus egg extracts is the antibody-mediated protein depletion. Specific antibodies directed against the protein of interest are used to deplete proteins or protein complexes from the extract by immunodepletion. High-affinity antibodies are capable of depleting near 100% of a single protein or protein complex from egg extract [43] . In order to validate the observed phenotypes, it is then possible to restore the wild-type conditions by adding back recombinant proteins to the depleted extract. Furthermore, to confirm the phenotype observed with one set of antibodies, it is possible to use antibodies raised against different antigenic portions of the protein of interest [43] . Recombinant proteins missing critical domains can also be used to interfere with endogenous proteins in a dominant negative fashion [43] .
Other important advantages of the Xenopus system in studying the role of HR proteins in DNA replication are the size of the replicon, which is smaller than in somatic cells and the elevated number of active forks. These features make the Xenopus egg extract a valuable tool for visualising DNA replication intermediates using electron microscopy (EM) [48] as these features facilitate rapid statistical analysis required to validate the observational studies [49] .
RAD51, ssDNA gaps and breaks
Using a combination of EM-mediated analysis of replication intermediates and biochemical assays performed in the X. laevis egg extract, Hashimoto et al. [48] showed that the lack of RAD51 during unperturbed DNA replication results in the accumulation of ssDNA gaps at the level of replication forks and behind them. This provided important and direct evidence that RAD51 performs a major role at replication forks during normal DNA replication. Two types of ssDNA gaps were observed: ssDNA gaps present right at fork junctions (fork gaps) and ssDNA gaps situated at more internal sites behind fork junctions (internal gaps; Fig. 1 ). The size of gaps measured by EM ranged between 100 and 500 nucleotides. Fork gaps were mostly asymmetric as they were found only on one strand at fork junctions, whereas internal gaps were found on both newly synthesised strands in the context of the same replication intermediate. The ssDNA gaps at, and behind the forks were shown to be differentially affected by replication stress induced by DNA-damaging agents and reflected the different actions of RAD51 at replication forks. In particular, the size and number of internal gaps increased upon treatments with DNA-damaging agents. These findings in Xenopus were highly reminiscent of discontinuous fork progression mode found in bacterial systems. The occurrence of ssDNA gaps at forks and behind them was confirmed in yeast cells deficient for RAD51, indicating that this phenomenon was conserved in different organisms [48] . In order to understand the origin of such ssDNA gaps, the potential role of DNA nucleases was explored. It was found that MRE11 nuclease plays a major role in extending internal ssDNA gaps ( Fig. 1 ). When replication intermediates were analysed by EM, it was found that internal gaps were completely suppressed by inhibition of MRE11 activity with the small molecule, Mirin [48] . The presence of internal gaps was validated by a gap-filling assay based on the extension of primed 3 0 end at the level of arrested nascent DNA. However, in contrast to EM, in such assay, the inhibition of MRE11 did not completely suppress the labelling. These experiments suggested the presence of gaps with different sizes: the ones visible by EM, which were larger than~40 nucleotides, the resolution limit of EM, and which were suppressed by inhibition of MRE11 activity; the ones smaller than~40 nucleotides, which could only be detected by the primer extension assay and were insensitive to MRE11 inhibition [48] . These findings suggested that smaller gaps were generated independently of MRE11 in the absence of RAD51. Therefore, in the absence of RAD51 ssDNA gaps smaller than 40 nucleotides occurred independently of MRE11 activity and were further extended by the action of MRE11, becoming visible by EM (Fig. 1) . The conclusions of these studies were that RAD51 prevented the formation of small ssDNA gaps and protected nascent DNA degradation at the 3 0 ends, which in the absence of RAD51 led to the MRE11-dependent enlargement of the small gaps. MRE11-dependent degradation of the 3 0 end could be due to the formation of RAD51 nucleoprotein filament blocking the access of the nuclease to its substrate. Instead, RAD51-mediated prevention of small gaps is less clear based on the known activities of RAD51.
Importantly, although less frequent, internal gaps were also observed in the presence of PCNA K164R mutant protein, which prevented PCNA ubiquitination [48] and which synergistically increased gaps in the absence of RAD51. These results suggested the existence of an extensive interplay between mechanisms based on PCNA post-translational modifications, which regulate postreplication repair events such as translesional synthesis (TLS), and RAD51 mediated protection of nascent DNA at replication forks.
These findings suggested a role for RAD51 similar to that of RecA in bacterial replication forks challenged by DNA damage. However, in Xenopus, such gaps were found in the absence of DNA lesions in at least 50% of the replication intermediates analysed in RAD51-depleted extracts. The number of internal gaps and their size increased following treatments with DNA-damaging agents, suggesting that their origin was due to replicative blocks.
It is unclear which are the endogenous blocks triggering such events. The roadblocks to polymerase progression could be anything from proteins or small molecules bound to DNA, base damage, protein adducts, secondary DNA structures such as G quadruplexes (G4), DNA hairpins and DNA sequences intrinsically difficult to replicate. Considering the fork restart activity reported for Rad51 [50] , obstacles to DNA polymerases progression might require RAD51 to restart DNA replication downstream such obstacles. A perfect candidate for RAD51-mediated bypass of DNA obstacles would be Pol a, which could synthesise its own primer to restart DNA synthesis. RAD51 might also play a role in creating a rigid structure ironing the DNA ahead of the polymerase. Such process would facilitate replication across DNA regions with sequences prone to form secondary structures. In this case, RAD51 nucleoprotein filaments might be dynamically displaced as DNA polymerases progress.
In contrast to internal gaps, the formation of fork junction gaps was not due to the action of MRE11, as fork gaps could not be suppressed by MRE11 inhibition (Fig. 1) . The size of the gaps at forks was also not affected by DNA-damaging agents, suggesting that their presence was due to the lack of a function directly associated to RAD51. As ssDNA gaps at the fork were not dependent on MRE11, they could reflect the involvement of the recombination machinery in preventing uncoupling between leading and lagging strand synthesis. How HR proteins maintain the coupling between leading and lagging strand synthesis is still unclear. One possibility is that RAD51 has additional functions directly linked to the replication machinery. Consistent with this hypothesis, the binding of RAD51 to DNA was shown to be partially dependent on DNA replication initiation as it was inhibited by geminin, which prevents the loading of the MCM complex [48] . Consistent with a major role for HR proteins at replicative forks, RAD51 has been demonstrated to be required for fork restart in mammalian cells after short treatments with HU [50] .
The action of the MRN complex during fork restart might depend on its direct exonuclease activity leading to the resection of short tracts of DNA in the 3 0 -5 0 direction starting from the 3 0 end of the nascent strand flanking the gap. The extent of the degradation is likely to be minimal due to the low processivity of the MRE11 exonuclease activity [13] . The MRN complex could also recruit or regulate additional DNA nucleases and helicases such as DNA2 and WRN, which might degrade the newly synthesised okazaki strand in the 5 0 -3 0 direction. It is not clear whether the endonucleolytic activity of the MRN complex is involved in this process. It is also unclear whether MRE11 performs these functions as part of the MRN complex.
BRCA2 might be the major protein mediating multiple replication roles of RAD51. The observation that BRCA2 can stabilise unidirectional replication forks, in the rDNA region in embryonic murine fibroblasts, might be directly linked to the prevention of ssDNA gaps mediated by Rad51. However, it was not possible to define a role for BRCA2 in the absence of HU under normal DNA replication conditions [29] .
HR and DNA replication fork restart on broken template RAD51 and MRE11 were shown to play an essential role for the restart of replication forks when forks had to overcome ssDNA nicks or gaps generated in the parental DNA, which results in a broken fork with a single DSB [51] . The GINS complex and the DNA polymerase e were shown to be uncoupled from the DNA in the presence of collapsed forks. Their reloading required the repair or the recapture of the broken end by RAD51 and the MRN complex to reinstate continuous replication [51] likely through BIR. Differently from DSBR, BIR involves repair at one-ended collapsed forks in which the second end is not present. After strand invasion, extension of the 3 0 end leads to DNA synthesis over hundreds of kilobases and can thereby restore the duplication of a full chromosome arm [6] . In yeast, DNA synthesis associated with BIR requires Pol32, a subunit of the DNA Pol d, which is not required for conventional DNA replication [52] . Intriguingly, while Pol32 is dispensable during normal replication, its PolD3 orthologue, which promotes DNA synthesis during BIR in mammalian cells, is instead necessary for cell survival [53] , suggesting that BIR might occur frequently during normal DNA replication. Alternatively, PolD3 might have other roles such as maintaining the integrity of the Pol d complex.
HR proteins might be directly involved in creating substrates able to restart DNA synthesis following fork collapse. In budding yeast, it was shown that the HR factor RAD52 forms spontaneous S-phase foci and these foci tend to increase several folds in pol a defective background during ongoing DNA replication [54] . Similarly, Rad22, the fission yeast homologue of Rad52, is required to restart replication fork after release from replication fork blockage [55] . More recently, Rad52 has been shown to promote BIR at telomeres [56] .
DNA repair synthesis following replication stress has also been shown to take place in mitosis [57] . It is likely that this synthesis does not depend on replication origin firing, but rather relies on HR-dependent mechanisms. Such process might be regulated by PolD3 in mammalian cells and might be important to complete replication at regions difficult to replicate such as fragile sites. Overall, these observations support a direct role of HR proteins in DNA synthesis on undamaged and damaged templates.
Replication fork reversal: a mechanism to shield and restart
Reversed forks (RVFs) are four-way junction structures induced upon perturbation of replication fork progression. RVFs are formed by the annealing of the two newly synthesised nascent strands with the concomitant reannealing of the parental strands, creating an intermediate also known as chicken foot. RVFs were reported for the first time in studies performed in E. coli [58] and were linked to hyper-recombination detected on regions where replication forks terminate [59] . This observation led to the proposal that replication fork reversal occurs at termination sites and that it is linked to recombination processes. It is still unclear whether replication fork reversal is a physiological or a pathological process. When DNA replication is challenged, transient replication fork reversal could be a way to prevent deleterious template breakage [60] . Fork reversal could act as a brake by transiently reversing the fork, providing some time to rectify the damage and resume DNA replication. Alternatively, RVFs could be aberrant terminal structure formed when the replisome dissociates from DNA and destined to be degraded by nucleases.
In bacteria, loss of a functional replisome at active replication forks can lead to the annealing of the two nascent strands forming a RVF, which is then cleaved by RuvABC. This creates a DSB end, which is resected by RecBCD. The recombinase RecA is then recruited onto ssDNA generated by RecBCD remodelling the fork and allowing the replisome to be loaded at the inactivated fork. The helicases RuvAB and RecG and RecA favour fork reversal in E. coli [36] [37] [38] . In vitro, RecA is able to reverse a model fork structure containing an ssDNA gap on the leading strand, although the reaction is quite slow. Gaps can form in regions in which replication fork progression is halted such as on the rDNA loci, on actively transcribed regions or upon replication fork stalling induced by HU or UV [59] . In yeast using EM to visualise DNA replication intermediates, it was shown that in the absence of the checkpoint kinase Rad53, HU treatment induces extensive fork reversal coupled to ssDNA accumulation. This suggests that the checkpoint is required to prevent replication fork reversal [61] . Recently, a study from yeast has shown that in the presence of methyl methanesulfonate (MMS), the frequency of replication fork reversal is increased several folds in primase mutant background [62] . In the same study, authors also observed that primase mutant displayed extensive ssDNA gaps accumulation at and behind the replication fork [62] . Likewise, mutating Ctf4, a protein that stabilises Pol a binding to the replisome, resulted in ssDNA gaps accumulation and enhanced reversed fork formation [62] . These findings are consistent with studies performed in Xenopus egg extract showing that in the absence of the stabilising action of Tipin on Pol a binding to replicating DNA, the number of RVFs increase even in unchallenged conditions [63] . Collectively, these observations suggest a strong correlation between ssDNA gaps at the fork and RVF formation.
Experiments carried out in mammalian cells have shown that the presence of different DNA-damaging agents at sublethal concentrations results in increased frequency of RVFs as visualised by EM [60] . Partial knockdown of RAD51 was shown to strongly affect RVFs [60] . The authors concluded that RVFs are a global response to mild impediment to fork progression and that RAD51 has a major role in RVF formation or stabilisation [60] . In vitro it has been shown that RAD51 and RAD54 cooperate together for both fork regression and fork restoration [64] . Several other proteins might be implicated in the formation and stabilisation of RVFs. In the presence of nucleotide deprivation, the FBH1 helicase has also been involved in replication fork reversal. However, the reported implication of FBH1 in fork reversal could be indirect as FBH1 has a function in replication fork stability and postreplication repair [65] . Poly-ADP-ribose polymerase 1 (PARP1) has also been involved in the formation of RVFs in the presence of topoisomerase inhibitor [66] . Inhibition of PARP1 was shown to promote fork reversal. It has been proposed that PARP1 inhibition promotes the activity of RecQ1, which resolves RVFs by promoting branch migration [66] .
More recently, SMARCAL1 has been shown to promote RVFs in vitro on artificial fork models containing ssDNA gaps [67] . In this case, RVFs contained ssDNA reversed branches (RBs). Due to its strong translocase activity, SMARCAL1 could be a major player in the formation of RVFs in vivo, probably in combination with other proteins that show similar activities such as ZRANB3 [68] . These proteins might recognise the gaps at forks and remodel these substrates into RVFs (Fig. 2) .
The formation of RVFs appears to be highly regulated as ATR-dependent phosphorylation of SMAR-CAL1 has been proposed to prevent their formation [69] . These findings would be consistent with the role of the checkpoint in yeast, which prevents their formation. The ATR-dependent signalling is probably a major barrier to the formation of pathological RVF as it has been shown to limit SMARCAL1-dependent fork reversal. Fork reversal might be a rare event in the presence of active ATR, whereas it might be highly frequent in conditions in which the checkpoint is suppressed.
Reversed forks appear to be differently regulated in different cell types. In somatic cells, the frequency of replication fork reversal is about 8%, whereas undifferentiated embryonic stem cells show higher fork reversal rate (~30%) [70] . Increased ssDNA gaps and higher expression level and chromatin association of RPA and RAD51 might be responsible for this effect in embryonic stem cells compared to somatic cells [70] . The attenuated checkpoints in ES cells might also play a role in promoting higher levels of RVFs.
Regions of DNA such as the telomere or centromere, in which the ATR checkpoint is suppressed due to inability to hyperload RPA [47] , might more easily lead to the formation of RVFs. RVFs might play an important role in the replication of these regions that are difficult to replicate. It is tempting to speculate that tandem repetitive regions facilitate RVFs-mediated restart of halted forks. Topological constraints in these regions [47] might also facilitate the formation of RVFs. Further analysis of defined chromosome regions behaviour will be necessary to understand whether RVFs are enriched in particular areas of the genome.
Crosstalks between BRCA1, BRCA2, RAD51 and DNA nucleases
Function of the MRN complex during DNA replication MRE11 is part of the MRN complex made of MRE11, RAD50 and NBS1, and all members of the MRN complex are required for cell survival [71] . MRE11 gene inactivation was linked to the occurrence of chromatid and chromosome breaks, suggesting a role for MRE11 during DNA replication [72] . Direct evidence that MRE11 protein is required for the integrity of DNA during replication came from the depletion of MRE11 protein complex in Xenopus egg extracts [73] . In this experimental system, depletion of MRE11 resulted in replication-dependent appearance of DNA structures that could be labelled by terminal transferase uridyl nick end labelling (TUNEL) assay and that were able to trigger histone H2AX phosphorylation, compatibly with the presence of DNA breaks and/or DNA ends during DNA replication. The formation of TUNEL-positive structures at stalled forks in the absence of the MRN complex might be linked to the increased presence of RVFs, although this was not directly shown.
It is possible that the MRN complex-dependent reactions that normally occur on DSB ends also take place at RVFs, which to some extent mimic the presence of DSBs. In this case, RVFs could act as an entry point for the MRN complex and partner nucleases. Similar to DSB, the end of the RVF might be blocked by the Ku70 and Ku80 proteins, which have been shown to bind replicative structures [74] . The engagement of the MRN complex with the RVFs might initiate its further degradation by cleaving the 5 0 end blocked by Ku70 and Ku80. We hypothesise that RAD51 is loaded on RVFs and blocks their degradation by preventing the loading of MRN and other nucleases. In addition to MRE11 other factors such as WRN, BLM, DNA2 and EXO1 could be involved in the degradation of the RVFs as shown in vitro and in vivo in different model organisms [75] . In the absence of RAD51, RVFs might engage with MRN complex, which might cleave the 5 0 end and promote the loading of these nucleases that support complete RVF degradation (Fig. 2) .
The resolution of RVFs is likely to be regulated by helicases such as RECQ1, which could resolve them reinstating a normal fork [75] . Unresolved RVFs might instead lead to chromosomal abnormalities as they could be engaged by the NHEJ repair machinery (Fig. 2) , promoting chromosomal translocations, whose frequency is increased in the absence of proteins such as BRCA1, BRCA2 and MRE11. The RAD50 subunit of the MRN complex might also play an important role during DNA replication. In this case, the RAD50 subunit might have a structural role in DNA replication by allowing cohesion of sister chromatids at stalled forks [51] .
BRCA1-, BRCA2-and RAD51-dependent inhibition of MRE11 mediated nascent DNA degradation
A fork-stabiliser function for BRCA2 was proposed by Jasin and coauthors, who used DNA fibre track assays to analyse the dynamics of DNA synthesis upon inhibition and resumption of DNA elongation in mammalian cells. With this approach, it was shown that the newly synthesised DNA strands suffer extensive resection in cells defective for BRCA2 upon HU treatment [76] . The extensive degradation generated in BRCA2-defective cells was due to inefficient chromatin association of RAD51 [76] . The degradation observed in the nascent DNA strands of stalled forks in the absence of BRCA2, was reported also in the absence of either FANCD2, FANCA or RAD51 and was attributed to an uncontrolled resection by the MRE11 nuclease [76, 77] . Other independent studies confirmed that depletion of RAD51 trigger nascent DNA degradation in mammalian cells [78] . These data widely confirmed previous results obtained in Xenopus egg extracts about RAD51 protective role against MRE11 [48] and indicated that BRCA2, FANCD2 and FANCA provide protection against DNA resection at stalled replication forks. Fork protection is achieved through recruitment and stabilisation of RAD51 on the chromatin, likely at the level of the stalled replication forks [76, 77] . The stability of the RAD51 nucleoprotein filament regulated by BRCA2 might be a key determinant in the protection of nascent DNA. RAD51 loading onto stalled forks is a common event in different organisms. It is likely that BRCA2 influences RAD51 stability by regulating its ATPase activity. Regulation of RAD51 filament stability is likely to play a fundamental role at replication forks as also shown by the identification of mutated forms of RAD51, which destabilise RAD51 nucleoprotein filament in fanconi anaemia (FA) patients cells [79, 80] .
The connection between BRCA2 function and nuclease-mediated degradation of stalled or RVFs is not yet understood. How BRCA2 deficiency impacts on the formation or stabilisation of RVFs is unclear. One possibility is that in the absence of BRCA2-mediated loading of RAD51 on RVFs these could act as an entry point for nucleases that perform extensive degradation of DNA. In addition to its role behind forks, the MRN complex could indeed recognise RVFs, initiate RVFs processing and promote the loading additional nucleases such as DNA2 and EXOI. This would lead to extensive degradation of nascent DNA in the absence of BRCA2. In this case, BRCA2 could act to maintain RVFs stability.
RAD51 has been shown to be required for RVFs formation following fork stalling as RAD51 knockdown significantly inhibits RVFs [60] . However, if RVFs constitute a major entry point for nucleases carrying out extensive nascent DNA degradation in the absence of BRCA2, RAD51-mediated formation of RVFs should be independent of BRCA2. This remains to be established. Inhibition of RVFs by the DNA damage checkpoint should also be considered in the interpretation of the results concerning the direct role of RAD51 in RVFs formation. Suppression of RAD51 function might lead to MRE11-mediated hyper-resection of DNA with consequent hyperactivation of the checkpoint and inhibition of RVFs formation.
Alternatively, other mechanisms could ensure RVFs formation in the absence of BRCA2 or RAD51. One hypothesis is that fork gaps observed in the absence of RAD51 stably bound to chromatin could provide the substrate for SMARCAL1-mediated fork reversal. SMARCAL1 has a powerful translocase activity [67] , which could promote fast formation RVFs in the absence of BRCA2. According to this hypothesis, RVFs should be increased in the absence of BRCA2 and MRE11. In this scenario, DNA degradation would then be initiated by MRE11 both at the stalled forks and RVFs in the absence of RAD51-and BRCA2-mediated nascent DNA protection (Fig. 2) .
Further work is clearly necessary to understand the individual contribution of RAD51, BRCA2, SMAR-CAL1 and the DNA damage response pathways in the formation and stabilisation RVFs.
Coordination between BRCA1, CtIP and MRE11 in DNA resection
Similar to BRCA2, BRCA1 is mutated in several cancers. BRCA1 promotes formation of repair foci following DNA damage and it is essential for cell survival. BRCA1 promotes DNA resection in combination with the MRN complex and CtIP. The current model suggests that BRCA1 promotes HR by recruiting CtIP and MRE11 to DSBs [81] and that 53BP1, RIF1 and PTIP counteract the role of BRCA1 by inhibiting MRE11-and CtIP-mediated resection. The decision between HR and NHEJ depends on these factors that can promote or inhibit resection [82] [83] [84] [85] [86] [87] [88] [89] . Interestingly, in ES cells, loss of 53BP1 results in synthetic viability in BRCA1 knockout cells [90] . 53BP1 loss allows functional HRmediated repair by restoring end resection mediated by CtIP and MRE11 in BRCA1 mutant cells [90] . An independent study also showed that RIF1 functions in suppressing 5 0 end resection at DSBs to inhibit HR and promote NHEJ [86] .
In cells lacking BRCA1, resection is defective, and persistence of 53BP1 might promote inappropriate repair of replication forks contributing to generate aberrant chromosomal translocations through NHEJ, which normally functions outside of S-phase.
Suppression of MRE11 function at forks and viability of BRCA1/BRCA2-deficient cells
Recent findings suggested that inhibition of MRE11 binding to stalled forks rescues cell viability of BRCA1/BRCA2 knockout cells [91, 92] . As knockout of BRCA1/BRCA2 in embryonic stem cells (ESCs) is incompatible with life, prevention of nascent DNA degradation at stalled forks is probably the major function of BRCA1/BRCA2 [93] . However, although viable, these cells display genomic instability, which might contribute to their increased resistance to DNAdamaging agents.
In the context of replication fork stalling, similar to BRCA2, BRCA1 functions to prevent MRE11-mediated degradation of replication forks [94] , whereas in case of DSBs, BRCA1 functions to promote CtIPand MRE11-mediated resection to start HR. This suggests a separation of function for BRCA1 and BRCA2 in replication fork stalling and in DSBs repair pathways. Interestingly in BRCA1 knockout cells, in the presence of HU-mediated fork stalling neither 53BP1 nor RIF1 limited the degradation of nascent strand mediated by MRE11 resection, whereas loss of PTIP restrained MRE11-mediated degradation and induced survival in BRCA1-deficient cells [91] . PTIP loss also rescued viability of BRCA2 knockout cells and limited the resection of forks by MRE11 in the presence of HU by preventing MRE11 association with chromatin [91] (Fig. 2) . PTIP contains BRCT domains and it has been shown to interact with BRCA1 and to bind active chromatin regions [95] . PTIP, PAX2 and MLL3 can be copurified together as a stable complex [96] . PTIP conditional mutants show reduced H3K4 methylation due to destabilisation of MLL3 histone methyl transferase activity [96] . This pathway might link chromatin state and the stability of replicative forks. Moreover, these findings revealed distinct mechanisms that potentially operate during fork stalling and DSBs resolution, which involve the same factors.
Synergistic and suppressive actions of DNA repair pathways acting at replication forks PARP: friend or foe in DNA replication fork stability Poly-ADP-ribose polymerase 1 is an enzyme responsible for poly-ADP ribosylation (PARylation) of several proteins involved in DNA damage response. It also undergoes auto-parylation in response to DNA damage. Inhibitors of PARP1 have been shown to be effective for cancer therapy on patients carrying mutations in BRCA genes, although resistance to this treatment develops rapidly [97] . In normal cells, inhibition of PARP1 activity with PARP1 inhibitors induces formation of ssDNA breaks on replicating DNA, which are mainly repaired by HR pathways [97] . Due to inefficient HR in BRCA1 and BRCA2 mutant cells, PARP1 inhibitors treatment results in apoptosis [97] due to their high sensitivity to unrepaired nicks in the DNA [98] . Clinical trials showed promising response to PARP1 inhibitors in BRCA1 and BRCA2 mutation carriers with breast, prostate and ovarian cancers [99] . One phase II study showed that 40% of the germline BRCA mutation carriers with ovarian and breast cancers responded well to Olaparib, a major PARP1 inhibitor [100] . In a different phase II trial, patients who underwent prior treatment with chemotherapy did not respond to Olaparib treatment [101] . These latter results indicated that chemotherapy likely led to an acquired resistance to Olaparib treatment. Pre-treatment with Olaparib, PARP1 knockdown, or PARP1 heterozygosity surprisingly rescued cell viability of BRCA2 conditional knockout cells [91, 92] . Authors showed that synthetic viability between PARP1 deficiency and BRCA2 conditional knockout cells was due to limited replication fork association of MRE11, henceforth limiting the degradation of nascent DNA strands [92] (Fig. 2) . This is in line with studies suggesting that PARP1 activates MRE11 at the stalled forks to mediate resection and promote HR-dependent repair at stalled forks [102, 103] . However, the surviving cells in synthetically viable PARP1-and BRCA2-deficient background showed several chromosome abnormalities and were tumorigenic [92] . Considering these observations, PARP1 inhibition might facilitate survival in normal BRCA2 heterozygous cells. According to this scenario, these cells could either undergo apoptosis because of continuous DNA breaks or become potentially resistant to chemotherapy by activating errorprone pathways such as NHEJ that ensure their survival at the expense of genome stability (Fig. 2) . These observations might explain the rapid emergence of resistance to PARP1 inhibitors in cancer therapy and should be taken into account when testing the longterm efficacy of therapies based on PARP1 inhibitors.
Interplay between TLS polymerases and HR factors
Transient stalling of replication forks is unavoidable during chromosomal DNA replication and such stalling events might lead to the uncoupling between the replicative helicase and DNA polymerases [104] . To ensure continuous DNA synthesis, DNA lesion can be bypassed by specialised DNA polymerases involved in TLS. Several polymerases are responsible for TLS [75] . Other polymerases such as PrimPol can also participate in the repriming of replication on ssDNA [105] .
Base modifications or lesions can happen on leading and lagging strands. Because of the discontinuous nature of lagging strand synthesis, continuous repriming efficiently bypasses the damages leaving gaps on the DNA template. This situation can be much different on the leading strand because of the continuous nature of the leading strand synthesis. In bacteria, repriming can occur on the leading strand template [34] . Similar to prokaryotes, evidence from yeast model suggests that there are discontinuities in both the leading and lagging strand synthesis when DNA replication is challenged by UV treatment [106] , even though the length and extension of repriming on the leading strand have not been clearly described. This suggests that a mechanism of repriming on the leading strand can also operate in eukaryotes. Cells likely require repriming mechanisms to resume replisome activity and complete bulk DNA synthesis during normal and challenged DNA replication. DNA gaps left unreplicated are then repaired by means of postreplicative repair using specialised TLS polymerases or error-free HR-based mechanism such as template switch (TS). As TLS polymerases synthesize DNA with low processivity and low fidelity, often introducing errors during DNA replication, TS could alternatively be used to bypass the lesion in an error-free fashion. In this pathway, the 3 0 end of the blocked strand would melt from its template and reanneal to the complementary nascent DNA strand, bypassing the polymerase blocking lesion and producing error-free nascent DNA. TS might occur at forks during the replication of a duplex DNA, when the synthesis of both leading and lagging strands takes place. The generation of a gap following the arrest of the replicative polymerase could lead to the formation of RVFs in which DNA synthesis would continue on the opposite nascent strand. TS might also occur on ssDNA gaps behind forks or when replication is terminated in G2 phase of the cell cycle [104] .
Translesional synthesis and TS pathways might compete for the same gapped molecules (Fig. 3) . One of the signals responsible for the recruitment of TLS polymerases is mediated by the PCNA monoubiquitination, which is primarily responsible for recruiting TLS polymerases in response to fork stalling [107] . In Xenopus, the addition of PCNA protein mutated in K164R, which prevents PCNA monoubiquitination, induces large increase in ssDNA gaps [48] . The increase in gaps is additive with the one observed in RAD51-depleted extracts, supporting the idea that gaps can be competitively repaired by TLS and HR pathways. These observations support the hypothesis that ssDNA gaps generated behind forks during lesion bypass are substrates of both HR and TLS factors, including PrimPol, which become hyperactive following MRE11-dependent degradation of nascent DNA in the absence of RAD51 [108] .
Mutational signature in BRCA-deficient cells: mutagenesis and mechanisms of resistance to chemotherapy TLS polymerases-mediated synthesis is not accurate on undamaged templates and it increases the DNA mutation rate. Hence, the TLS pathway is considered as error-prone repair mechanism [109] . Among the TLS polymerases, Polymerase h seems to play a major role in BRCA2-deficient cells. Pol h is highly expressed in BRCA1 and BRCA2 knockout cells [110] and in a variety of human cancers [111] . Pol h has several features, among which the ability to mediate alternative nonhomologous end joining (Alt-NHEJ) [111] . Pol h knockout is synthetic lethal with BRCA1 and BRCA2 knockouts [110] . In the absence of BRCA1 or BRCA2, FANCD2 induces Alt-NHEJ by recruiting Pol h [112] . The link between FANCD2 and Pol h suggests a dual role for FANCD2 in the presence or absence of BRCA genes. In the presence of BRCA genes, FANCD2 cooperate with BRCA1 and BRCA2 to promote HR by recruiting RAD51 [77] . In the absence of functional BRCA genes, FANCD2 activates Pol hmediated Alt-NHEJ [112] . The involvement of TLS and Pol h-mediated Alt-NHEJ might help to explain the signature typically associated to the lack of BRCA1/2 [113] [114] [115] [116] [117] as TLS polymerase would fill in the gaps [118] and Pol h-dependent Alt-NHEJmediated repair of DSBs generated at stalled forks could induce the small deletions pattern associated to loss of BRCA2 [119, 120] (Fig. 3) . Additional mutation load might be induced by APOBEC proteins targeting ssDNA gaps [113] [114] [115] [116] [117] . As BRCA1 does not present the typical deletion pattern found in BRCA2, it is possible that differences exist in the repair of DSBs associated with fork collapse in BRCA1-and BRCA2-defective cells [118] . The DNA intermediate subjected to processing by Pol h in the absence of BRCA2 might involve unresolved converging forks, one of which is stalled or reversed (Fig. 3) . Such intermediate would not form in normal conditions. However, it was frequently noticed in Xenopus egg extract, the absence of suboptimal binding of Pol a mediated by Tipin ( fig.  1B in [63] ). Therefore, if the merge of converging forks is compromised for whatever reason, it is tempting to speculate that such intermediate is recognised by the FA protein FANCD2 and processed by nucleases removing the region surrounding the convergent stalled forks (Fig. 3) , similar to DNA containing a crosslink [121] . In this case, the broken ends could become substrate for Pol h-mediated repair (Fig. 3) . Considering the synthetic lethality between FANCD2-Pol h and BRCA genes, FANCD2 and Pol h appear to be valuable targets for cancer treatment. Inhibiting FANCD2 monoubiquitination by targeting E3 ligase activity of FANCA core complex could be a valid strategy to kill BRCA1-and BRCA2-defective cells. This strategy would allow MRE11-mediated degradation of nascent strands [77] resulting in enhanced checkpoint activation and inhibition of Pol h-mediated Alt-NHEJ, eventually inducing cell death in cancer cells [77] . Alternatively, direct inhibition of Pol h might help to achieve the same goals avoiding possible side effects due to FA pathway inhibition, which might result in bone marrow failure.
Conclusions and perspectives
Studies from many laboratories have shown that a critical role for BRCA1 and BRCA2 is to regulate RAD51 at replication forks. The role of RAD51 in mediating nascent DNA protection from MRE11, detected using EM analyses of DNA replication intermediates isolated from a vertebrate cell-free system, has been extensively confirmed in many other systems. Future experiments will need to address the direct role of RAD51 protein in inhibiting the access of MRE11 to its substrate. RAD51-mediated protection of nascent DNA at stalled forks recapitulates the role of RecA in prokaryotes. Furthermore, the presence of gaps revealed by EM and the links with TLS polymerases suggest a coordinated mode of action between RAD51 and TLS polymerases, which is also conserved with bacteria. These observations support a paradigm shift for HR, which was once believed to operate mainly during DSB repair. It is becoming increasingly clear that HR plays a major role in promoting replication of complex genomes. In this mode, HR proteins can be considered as factors that escort the DNA replication machinery. The function of HR will need to be further explored at complex loci. The differences in the survival of different species to the absence of HR genes could be directly linked to the role of HR in complex repetitive and heterochromatic regions such as telomere, centromeres and fragile loci, whose size and complexity changes in different organisms. In vitro reconstitution of combined HR and DNA replication reactions with purified components will be important to reveal the details of these complex interplays. The Xenopus egg extract will be instead a fundamental tool to further explore the complex regulations of these links and to uncover unknown factors involved. 
